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The Receptor Binding Protein P2 of PRD1,
a Virus Targeting Antibiotic-Resistant Bacteria,
Has a Novel Fold Suggesting Multiple Functions
The PRD1 virion has an icosahedral protein shell sur-
rounding a protein-rich membrane vesicle that encloses
a linear dsDNA genome of 14.9 kbp with 5 terminal
proteins [4]. The particle is large, with a 698 A˚ diameter
at the vertex [5, 6]. Although PRD1 infects a broad range
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2 Department of Biosciences and of Gram-negative bacteria [2, 7], it exhibits surprising
and striking structural similarities to the mammalian ade-Institute of Biotechnology
University of Helsinki novirus. In both virions, 240 copies of the trimeric major
coat protein, P3 in PRD1 and hexon in adenovirus, areP.O. Box 56 (Viikinkaari 5)
00014 Helsinki organized on a pseudo T  25 lattice, an arrangement
only observed in these two viruses [5, 6, 8]. The X-rayFinland
structure of P3 [9, 10] unveiled a still deeper resem-
blance by showing that P3 has essentially the same
molecular fold as hexon [11], with a double jellyroll motifSummary
in each subunit of the trimeric protein. Furthermore,
minor capsid proteins, such as P30, stabilize the PRD1Bacteriophage PRD1 is unusual, with an internal lipid
membrane, but has striking resemblances to adenovi- capsid [12, 13], as in adenovirus [14]. Their structural and
functional similarities strongly suggest an evolutionaryrus that include receptor binding spikes. The PRD1
vertex complex contains P2, a 590 residue monomer relationship between PRD1 and adenovirus [9, 15].
Although PRD1 and adenovirus infect very differentthat binds to receptors on antibiotic-resistant strains
of E. coli and so is the functional counterpart to adeno- hosts, both have receptor binding spikes at their 5-fold
vertices [16, 17]. In adenovirus, the primary recognitionvirus fiber. P2 structures from two crystal forms, at
2.2 and 2.4 A˚ resolution, reveal an elongated club- event is with the cellular coxsackie and adenovirus re-
ceptor, CAR [18]. Binding occurs through the knob [19,shaped molecule with a novel  propeller “head”
showing pseudo-6-fold symmetry. An extended loop 20] that lies at the distal end of a protruding trimeric
fiber with a novel triple -spiral fold [21]. The fiber iswith another novel fold forms a long “tail” containing
a protruding proline-rich “fin.” The head and fin struc- attached to a pentameric penton base [14].
The analogous vertex spike in PRD1 is more compli-tures are well suited to recognition and attachment,
and the tail is likely to trigger the processes of vertex cated and has three proteins: P31 as the foundation
[16]; P2 for receptor recognition; and P5 to associatedisassembly, membrane tube formation, and subse-
quent DNA injection. P2 with P31 [22, 23]. Pentameric P31 caps the virion
and interacts with the N-terminal domains of trimeric
P5. As P31 and the P5 N-terminal domain have 38%Introduction
sequence identity, an interesting possibility is that they
form a heteropentamer to remove the potential symme-Using bacteriophage to combat bacterial infections has
been suggested since their first discovery; the increas- try mismatch between a pentameric P31 and the trimeric
P5. The P5 C-terminal domains trimerize the spike shafting prevalence of antibiotic resistance has aroused re-
newed interest [1]. Bacteriophage PRD1 is the prototype and attach P2 to the virion. All the experimental evidence
suggests that P2 is a monomer. This was shown inof the Tectiviridae, which infect a broad range of bacte-
rial strains [2]. The PRD1 family infects a variety of Gram- solution by rate zonal centrifugation, gel filtration, cross-
linking, sedimentation equilibrium [24], and low-anglenegative bacteria, including Escherichia coli and Salmo-
nella typhimurium, provided that they harbor plasmids X-ray scattering [25]. In addition, estimates of ten copies
of P2 per virion [26, 27] correspond to one per vertex.belonging to the P, N, and W incompatibility groups
(IncP, IncN, and IncW). These not only encode the conju- The receptor for PRD1, to which P2 binds, is the conju-
gative DNA transfer complex [2]. This large transmem-gative DNA transfer complex that is the PRD1 receptor,
but also carry genes for antibiotic resistance, so PRD1 brane complex with at least 11 different proteins [28] is
poorly understood and has unknown architecture. P2exhibits potential as a novel bactericide. In PRD1, host
recognition depends solely on P2, a minor structural virions cannot bind the receptor [29], but recombinant
P2 protein binds with an apparent Kd of 0.20 nM toprotein that triggers a cascade of genome delivery
events [3]. Detailed structural information on the mecha- prevent PRD1 attachment to the cell [24]. The mono-
meric P2 (590 residues, 63.7 kDa) is thus the functionalnism of infection will be very helpful in enlisting PRD1
in the battle against antibiotic-resistant bacteria by in- counterpart to the trimeric adenovirus fiber (adenovirus
type 2, 582 residues, 62.0 kDa). The only sequence simi-forming the development of targeting and delivery strat-
egies. larity is an intriguing set of nine prolines in P2 [30] remi-
niscent of those in the 15 residue pseudorepeats in the
fiber shaft [17].*Correspondence: burnett@wistar.upenn.edu
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The PRD1 virion does not have the tail used by most true blade (B2) with a standard W motif, and two pseu-
doblades, B1 and B3. While each of these blades isdsDNA bacteriophages for genome delivery. Neverthe-
less, an unusual feature of PRD1 is that it transforms mostly composed of antiparallel  strands formed by
the C terminus, the extended N terminus folds over allits internal membrane into a tubular structure during
infection [4]. When P2 binds to its receptor, it somehow three blades to form an outermost  strand so that the
blade sequence is discontinuous (Figure 4). Domain IItriggers conformational changes in the vertex compo-
nents. These cause vertex disassembly and subsequent has a skewed  sandwich with antiparallel  sheets as
the fourth (B4) and fifth (B5) blades, with helices 6 andformation of a tube that protrudes through the vertex
to deliver viral DNA to the host cell [3]. In the P2 virions, 7 at the position where the sixth blade would normally
fall (Figure 3). B4 is a pseudoblade as it contains anthe tubes spontaneously form and release DNA [24]. It
appears that P2 stabilizes an otherwise labile vertex extensive loop between strands B4a and B4b that forms
the tail, and its fourth strand B4d is twisted inwardstructure, but also mediates this series of structural
transformations. Interestingly, a special vertex is indi- sharply toward strand B4a. B5 has the W motif, but is
twisted up against B4 in the  sandwich. The head formscated for DNA packaging, and this vertex does not pos-
sess P2 ([24]; B. Gowen, J.K.H. Bamford, D.H.B., and a shallow cup, 18 A˚ deep and 30 A˚ wide (Figure 1B).
Several surface-exposed hairpin loops from domain IS.D. Fuller, submitted; N. Stro¨msten, D.H.B., and J.K.H.
Bamford, submitted). stretch out and form a more pronounced upper rim. Two
short  helices (1 and 8) at the bottom of the cupMany aspects of the PRD1 vertex remain mysterious,
especially its organization, the mechanism for vertex- plug the central cavity, which is open in most  propeller
proteins, but leave a deep central groove between do-receptor interaction, and the formation of the DNA deliv-
ery apparatus. Low-resolution structural information on mains I and II.
Domain III is an extended tail (100  20 A˚) that isthe shape and organization of its components has been
obtained by X-ray solution scattering [25]. Three-dimen- notable for being formed by a very long loop (residues
60–322) emerging from B4 in the head (Figures 3 andsional image reconstructions from cryo-electron micro-
graphs of the PRD1 virion revealed the P31 base but 4). Its major feature is two long antiparallel  strands (M
and R), each 70 A˚ in length, that twist along the longonly a small portion of the spike, presumably due to its
flexibility [5, 13]. The recent crystallization of the PRD1 dimension. They span almost the entire tail to act as a
backbone on which a three-stranded antiparallel sheetvirion promises a yet more detailed picture of the virion,
but diffraction quality virion crystals are from a P2 (DRA and MRQ) at each end and a six-stranded antipar-
allel  sheet (CBJMRG) in the middle are constructed.mutant [31].
We have determined X-ray crystal structures for the The lower portion of the six-stranded  sheet packs
against an  helix (3). Strands J and M are joined byreceptor binding protein P2 of bacteriophage PRD1 to
set the stage for structure-based investigations of its a protruding loop with two antiparallel  strands (K and
L) that give a fin to the seahorse-shaped molecule (Fig-function through genetics and biochemistry. P2 is an
elongated molecule with an interesting and unusual fold ures 1B and 3). The tip of the tail is another three-
stranded antiparallel  sheet (NOP), with the N-O loopproviding a  propeller head and an elongated tail with
a protruding proline-rich fin. These features suggest an- crosslinked by a disulfide bond to the P-Q loop. As this
bond (Cys-254 and Cys-277) bridges the two hairpinswers to three important biological questions: how is
P2 oriented on the virion; where is the receptor binding loops, it stabilizes the tip. To assess the role of this
bond, each cysteine was mutated to alanine. Althoughsite on P2; and how does binding trigger vertex disas-
sembly, membrane tube formation, and DNA injection? targeted mutagenesis has been successful in PRD1,
the P2 gene is resistant to this approach [22]. ProteinIts shape indicates that the molecule is aligned along
the spikes that project from the vertices of the PRD1 function was thus probed by in trans complementation
assays, in which cells expressing mutated P2 were in-virion. Receptor binding is likely to occur through the
head, and possibly also involves the fin, while the long fected by P2 amber virus (sus539). The chimeric virions
lacking the P2 disulfide performed as well as wild-type,tail transmits the host recognition signal to the rest of
the viral particle. showing that the bond is not essential for P2 function.
Although domains II and III are connected by two
loops, B4a-A and R-B4b (Figure 3), the interface be-
Results and Discussion tween them is considerable (Figure 5), making relative
movement between head and tail unlikely. Strand B5d
General Architecture of the P2 Molecule lies directly on top of domain III, where it forms extensive
P2 is composed mainly of  strands whose complicated interactions with loops A-2-B and touches 4-D. Spe-
topology forms an elongated seahorse-shaped mole- cific interactions stabilizing the elongated molecule oc-
cule (146  46  34 A˚) with a distinct head and tail cur through hydrogen bonding between the two do-
(Figures 1 and 2). The head is a pseudo- propeller mains (Figure 6A) while a hydrophobic core seals the
structure with approximate 6-fold symmetry containing interface. The carboxyl group of Asp-390 from B5d is
both the N (residues 2–59) and C terminus (residues directed toward the positively charged Arg-70 side chain
323–555). Usually,  propeller proteins are symmetrical of loop A-2-B to form a salt bridge. The amide group of
discs of four to eight repeated blades [32] with a four- Asn-126 of loop 4-D hydrogen bonds with the hydroxyl
stranded antiparallel  sheet “W” motif [33]. group of Ser-395 in B5d, serving as a secondary lock
The P2 head contains five blades of four or five strands between the head and the tail to prevent rotational
movement. Furthermore, the hydrophobic interactions(Figure 3) in two domains. Domain I contains the only
PRD1-P2 Reveals Novel Fold and Multiple Functions
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Figure 1. P2 Molecule and Its Secondary Structure
(A) Ribbon diagram showing that P2 resembles a seahorse (inset) with domains I (red) and II (blue) forming a pseudo- propeller head, and
domain III (yellow) forming a long tail with a disulfide bond (green; marked by red arrow).
(B) The molecule rotated 90 from (A) revealing the shallow cup of the head and the projecting fin in the tail. Produced with SETOR [68].
of Leu-392, Tyr-393, and Tyr-394 in domain II with Leu- both termini, is most likely distal to the virion and so is
the favored candidate for receptor binding.65, Ala-80, and Phe-81 in domain III provide additional
stabilization.
P2’s surface is mostly hydrophilic, with several dis- The  Propeller Head
tinct areas of charge (Figure 5). Asp-518 and Asp-521 The P2 head has a  propeller fold, suggesting that it
form an acidic patch beside the basic Lys-426 in the is involved in protein-protein interactions. A search of
head. An edge at the tip of the tail is mostly acidic (Asp- the Protein Data Bank (PDB) using DALI [34], with coordi-
269, Asp-250, Glu-252, Glu-246, and Asp-261), but has nates for the whole molecule or individual domains, iden-
an adjacent basic residue (Arg-299). Complementation tified more than 20  propeller proteins with Z-scores
assays showed that alanine mutations in the two basic (2.1–6.4) indicating significant matches. This protein
residues (Lys-426 and Arg-299) did not disrupt receptor family has diverse functions and includes neuraminidase
binding. from influenza virus, phytase, G protein, and integrin.
Although the overall shape of the P2 head exhibits a
striking similarity to other  propeller proteins, it doesOrientation of P2 on the Virion
The elongated shape of P2 strongly suggests that it is not have classical topology. There is no sequence ho-
mology between its blades, such as in the WD repeatoriented radially from the virion as part of the spike, but
immediately raises the question of which end interacts [35]. P2 is best described as a pseudo- propeller pro-
tein, as the deviation from the classical form extendswith the host. P2 accessibility on the virion surface was
probed by bromelain treatment; P2 is cleaved in the from the pseudosymmetry to the blades themselves.
The P2 head has a ring closure mechanism describedvirus and as freshly prepared recombinant protein (data
not shown). The product showed a loss of3 kDa, so the as a “snap” in G protein heterodimers [36] or as a “mo-
lecular clasp” in the regulator of chromosome conden-cleavage must be close to one of the termini. Notably,
C-terminal cleavage frequently occurs during P2 purifi- sation protein (RCC1; [37]). The essence of this arrange-
ment is that one terminus is a circular band thatcation, storage, and crystallization (Figure 4), and brome-
lain cleavage was only observed using fresh protein. contributes  strands to one or more blades formed by
the other terminus. This feature occurs in many other The cleavage had no effect on virus infectivity or on
inhibition by recombinant P2. The P2 head, containing propeller proteins where it stabilizes the cyclic structure.
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Figure 2. Stereo View of the P2 Molecule
Showing the Positions of Its Residues
(A) The  propeller head, with the N and C
termini marked and the sequence number for
each tenth C indicated. The domains are
colored as in Figure 1.
(B) The tail, with the molecule rotated 90
from (A).
In P2, B1 and B3 both have a combination of one  lar, a central groove between these domains is occupied
by Tyr-39 and Tyr-44 from helix 1. A putative metalstrand from the N terminus and three  strands from
the C terminus (1  3), while B2 has five strands in a binding site at the C terminus (residues 577–580) with
binding motif Cys-X-X-His [39] is unfortunately not1  4 organization. A similar arrangement occurs in the
six-bladed phytase [38], where the N terminus overlaps within the crystallized protein.
Despite their structural similarity,  propeller proteinsthe last two blades to form additional strands (Figure 7)
with one also in a 1  4 arrangement. Such multiple show great diversity in sequence, phylogenetic occur-
rence, and function. A common role is to bind ligandsclasps are quite uncommon; phytase is the only protein
with a “double clasp,” and P2 now provides the first or other proteins and to control protein-protein interac-
tions. Their central cavity, where substrate binding andexample of a triple clasp.
The head is also stabilized by a calcium ion connect- catalysis can occur, makes them well suited for such
interactions [40]. Binding can also occur through loopsing B1 and B2. Similarly, two calcium ions bind three
loop segments together in phytase [38]. The calcium ion on the outer edge of the  propeller. A good example
is the extracellular segment of integrin V3, the attach-in P2 is octahedrally coordinated with the carboxylate
group of Asp-425 and the carbonyl oxygen of Lys-426 ment receptor for adenovirus, bound to a cyclic peptide
containing its RGD (Arg-Gly-Asp) recognition sequencefrom strand B1a, the carbonyl oxygen of Ser-462 from
B2, and three water molecules. The interactions of do- [41]. It is notable that neuraminidase from influenza vi-
rus, which functions as its own receptor’s destroyer, ismains I and II involve many aromatic residues; in particu-
PRD1-P2 Reveals Novel Fold and Multiple Functions
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Figure 3. Topology Diagram of P2 Showing the Overall Organization of the Secondary Structure, Colored by Domain
The five  blades are labeled B1–B5. The  helices are labeled 1–10 consecutively through the whole P2 molecule, while the  strands are
labeled separately within the head and the tail (A–R). Within each blade, the  strands are labeled from innermost to outermost (e.g., B1a,
-b, -c, and -d), and an additional outer strand in B2 is labeled B2e. Domain II contains a skewed  sandwich made up of a distorted blade
(B4a, -b, and -c, and the short strand B4d, which twists up against B4a to form the innermost strand) and the fifth blade (B5). A long loop
projects from B4 to form the tail (domain III). The remainder of domain II has two helices (6 and 7) in the “B6” blade position. Prepared
with Adobe Illustrator.
the only other known viral  propeller protein. The six- may play the major role in binding. This is seen in the
primary receptor binding interaction of adenovirus knobbladed neuraminidase employs a deep pocket in the
center of the propeller, with enzymatically important with its CAR receptor. Such noncomplementary inter-
faces trap water molecules to buffer and cement twoamino acids in its surrounding surface loops, to associ-
ate with its sialic acid receptor [42]. interacting proteins so they provide specificity, but toler-
ate some sequence variation [19]. To test the role of theThe evidence strongly suggests that receptor recogni-
tion in PRD1 also occurs through the  propeller domain P2 surface loops in binding, corresponding peptides
(residues 23–37, 479–491, 506–520, and 534–548) wereof P2. The corresponding region on the receptor might
have a complementary conformation to the deep groove synthesized and used in virus infection inhibition assays.
While full-length P2 inhibited binding of PRD1 to host,at the interface of domains I and II, but the surface loops
Structure
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Figure 4. The Sequence of the 590 Residue P2 Protein and Its Secondary Elements
The numbering corresponds to the gene. The initial methionine and 29 residues at the C terminus not present in the crystallized protein are
boxed in blue, while the additional 7 truncated residues in Se-Met P2 are boxed in gray. Arrows represent  strands and cylinders are 
helices. The three domains are colored as before. The fin is boxed, with its 11 prolines shown in red. Prepared with ALSCRIPT [69].
none of the peptides were active. Altogether, the evi- are long and thin, but P2 achieves its rigidity in a very
dence suggests that the interaction occurs through the different manner. Its tail has a backbone formed by the
groove, with individual loops playing a secondary role. long  strands M and R, and there is an extensive inter-
face between head and tail. Nevertheless, there is some
flexibility in the lower part of the tail. Comparison of P2The Tail
crystal forms I and III shows that the models are quiteThe P2 tail has a unique topology with no relationship
similar, but differences occur in the tip of the tail (Figureto that of adenovirus fiber, and the repetitive prolines
are not due to similar shaft repeats. Both molecules 8). Loop N-O and the strand O itself, including the stabi-
PRD1-P2 Reveals Novel Fold and Multiple Functions
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Figure 5. Surface Representations of P2 Displaying Its Electrostatic Potential
The two orientations are 180 apart. Blue is more positive and red is more negative. P2 has a surface that is mostly hydrophilic, with Asp-
518 and Asp-521 forming an acidic patch beside the basic Lys-426 in the head. A negatively charged area in the tail is formed by residues
Asp-269, Asp-250, Glu-252, Glu-246, and Asp-261 near the basic Arg-299. Produced with GRASP [70].
lizing disulfide bond, are disordered in form III. In addi- perpendicular to the tail. There are no fewer than 11
tion, strands P and N are rotated by 5 and the P-Q prolines within its 26 residues (residues 194–219; Figure
loop is poorly defined. The long crystallization time for 6B). This proline-rich nature explains how the fin main-
the form III crystal (8 months) apparently caused the tains its extended structure. Crystal packing provides
disulfide bond to break down. little contribution, as the only contact is between Leu-
The observed flexibility is not due to differences in 207 in the fin and Ile-141 in a neighboring molecule.
crystal packing, as the intermolecular contacts involve The fin’s stability is provided internally by the unique
almost the same set of residues in both crystals. The conformational restrictions of proline, and it is locked
disordered tail in form III disrupts the only two crystal into place at the top by two hydrogen bonds (Asn-73 to
contacts (Lys-511 to Gln-257 and Val-17 to Thr-253) Arg-195 and Thr-71 to Asp-194). Further support arises
between the tail of one molecule and the head of another from a core of hydrophobic interactions between the
in form I. Even in form I, the electron density for the tip underside of the fin (Ile-192, Val-197, Ile-214, and Ile-
of the tail is not as sharp as that elsewhere in the mole- 215) and the tail (Ile-149, Ala-225, and Phe-312). This
cule and the crystallographic temperature factors are core is covered by a salt bridge between strand G in
higher, providing further evidence for its flexibility. the tail (Arg-151) and strand K in the fin (Glu-199) that
Structural movement in the tail tip might indicate a less locks the fin at its base (Figure 6B).
than rigid attachment of P2 to the virion, or could be The fin is striking, which suggests it has an important
the mechanism to signal vertex destabilization and be- functional role. Proline-rich regions, whether or not they
gin the infective process. are repetitive, are often involved in protein-protein inter-
actions [43]. Proline-rich peptides in signaling proteins
are usually the binding targets of their cognate domains.The Proline-Rich Fin
Examples are Src homology (SH3) domains, which medi-The tail contains the very intriguing fin (Figure 1B), which
is formed by a surface loop but protrudes 20 A˚ almost ate cell-cell communication [44] and WW domains,
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Figure 6. Interactions at the Interface of the Head and Tail and within the Proline-Rich Fin
(A) Side chains for residues in domains I and II less than 3.7 A˚ apart are shown. A salt bridge between Asp-390 and Arg-70, and hydrogen
bonding between Asn-126 and Ser-395, seal a hydrophobic core formed by Leu-392, Tyr-393, and Tyr-394 in domain II with Leu-65, Ala-80,
and Phe-81 in domain III.
(B) Residues stabilizing the proline-rich fin. The sequence of the fin (DRPVTEPN PNWP PLPP PVIP IIYPTP) contains four PXXP cores (PNWP,
PPLP, PLPP, and PVIP). These form a rigid extended structure that is supported by hydrophobic interactions at its base involving Ile-149, Ile-
192, Val-197, Ile-214, Ile-215, Ala-225, and Phe-312 (underlined). Their outer surface is covered by a salt bridge between Arg-151 from strand
G in the tail and Glu-199 from strand K in the fin to lock the arm at the bottom. Two hydrogen bonds involving Asn-73 to Arg-195 and Thr-
71 to Asp-194 lock the fin into its upright position at the top. Produced with SETOR [68].
named for their conserved tryptophan (W) residues [45]. The physical principles underlying the use of proline-
rich ligands in signaling point to the fin’s possible func-These have favored consensus sequences: PXXP (P,
proline; X is any residue) for the SH3 ligand; and PPXY tion. Proline not only has limited conformational flexibil-
ity, but limits that of the preceding residue [44]. As a(Y, tyrosine) for the WW domain. Although the SH3 and
WW domain structures are different [45], structures of consequence, polyproline sequences preferably form a
PPII helix [48], which provides a readily accessible flattheir complexes [46, 47] reveal proline-rich ligands with
extended PPII helices that bind in hydrophobic pockets hydrophobic interface complete with potential hydrogen
binding sites at the exposed backbone oxygens [44].mainly through van der Waals and hydrogen-bonding
interactions [44]. Experimental evidence suggests that recognition of the
PRD1-P2 Reveals Novel Fold and Multiple Functions
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Figure 7. Ribbon Diagrams of  Propeller Proteins
(A) P2.
(B) Phytase (adapted from [38]).
(C) Neuraminidase (adapted from [42]). Each molecule, rainbow colored from the N terminus in blue to the C terminus in red, is rotated 90
on the right to show its surface loops. Phytase has a ring closure mechanism using a double clasp, in which B6 has one  strand from the
N terminus and three  strands from the C terminus (1  3), and B5 has 1  4. In P2, B1 and B3 both have the same 1  3 combination,
while B2 has a 1  4 organization. Thus, domain I of P2 has a triple clasp. Both proteins use calcium (red balls) to stabilize their structures.
Six-bladed neuraminidase is the only known viral protein similar to P2 (DALI Z-score of 6.0). The figures were produced using MOLSCRIPT
[71] and rendered with Raster3D [72].
proline-rich ligand is not based on the conformational while the proline-rich fin of P2 contains four PXXP cores
(PNWP, PPLP, PLPP, and PVIP), it does not form PPIIrigidity of the PPII helix, but occurs through its unique
tertiary amide moiety [49]. Therefore, proline provides helices because two prolines (Pro-206 and Pro-209) are
in the cis configuration and distort the regular helicalselective but relatively rapid, low-affinity interactions
that are useful in signaling pathways [49]. Interestingly, geometry. Even so, the loop is extended, and the PXXP
Structure
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the fin lies at the interface of P2 with P5. This contact
might not be very stable because of the intrinsic nature
of proline-rich interactions. However, such weak inter-
actions might be very appropriate for a triggering mech-
anism induced by receptor binding. In this orientation
relative to the spike, the fin might be uncovered on
receptor binding. Proline-rich motifs are important for
viral budding in HIV [52], Rous sarcoma virus [53], and
Ebola virus [54]. The fin could play an analogous role
for PRD1 by modulating protein-membrane interactions
in tube formation and penetration.
Models for P2-Receptor Interactions
Correlating structural results with other information en-
ables us to suggest possible answers to the biological
puzzles posed by P2. We propose that the major interac-
tion of PRD1 with its receptor is through the  propeller
head of P2. There are two possible models that depend
on the orientation of the fin relative to the P31/P5 vertex
complex (Figure 9). If the fin is outward, then it is likely
to make initial contacts (Figure 9A) by scanning the
membrane and its associated proteins and so bring the
 propeller head toward its receptor. The unusual con-
struction of the fin tip, with cis-prolines presenting a
flexible proline-rich surface, somewhat favors this
model. Moreover, the cup is on the opposite side of the
molecule from the fin and so would be prevented fromFigure 8. Structural Differences between P2 in the Two Crystal
making nonspecific interactions until the receptor isForms
identified. Alternatively, the fin may interact with theForm I (blue) and form III (red) models are superimposed to show
the difference in their tails. In form III, residues 248–269, which spike (Figure 9B). This orientation, with the fin inward,
include the NO loop, the O strand, and a disulfide bond, are disor- places the cup outward where it is most accessible.
dered. The residues flanking the gap are labeled and marked with Either way, the interaction of P2 with its receptor some-
red arrows. In domain III, strands P and N are rotated 5 in form how triggers the removal of P2 from the vertex complex,
III relative to form I. Produced with SETOR [68].
most likely by inducing conformational changes in the
flexible tip of the tail, which then signals vertex dissocia-
tion and membrane tube formation followed by DNAcores (Figure 6B) of the fin have the same properties
injection. As P2 must stabilize the vertex, it acts as boththat other proline-rich ligands use in signaling. The end
safety catch and trigger for a metastable DNA deliveryof the tip is somewhat mobile, as reflected in its crystal-
complex. The multifunctional roles for P2 that have beenlographic temperature factor. As cis-prolines lie on ei-
revealed by its structure open some challenging ave-ther side of the fin tip, this might pivot modestly to
nues for further exploration.engage with slightly different protein partners. Analogs
to eukaryotic signaling domains, such as SH3, are
thought to exist in bacteria [50], but their binding motifs Biological Implications
and cognition mode are unknown.
What then is the function of the proline-rich fin in P2? Bacteriophage PRD1 is of interest for two main reasons.
As a lipid-containing icosahedral virus, it offers the com-It seems most likely that it is responsible for the initial
interactions of PRD1 with its host. The receptor complex plexity of a biological system with protein-membrane
interactions, the advantages of bacterial genetics, andcontains several proteins potentially involved in signal-
ing, and a secondary receptor has been suggested [28]. the symmetry needed for high-resolution imaging by
electron microscopy and X-ray crystallography. TheseThe fin would act as an adaptor to first locate the recep-
tor by rapidly scanning to bring PRD1 into the vicinity features have made it a powerful system to study the
role of the membrane in virion structure, assembly, andof the host. Then, P2’s  propeller would interact to
initiate the infection cascade. Such a role would require translocation. PRD1 also offers promise as a bacteri-
cide, as it recognizes and infects Gram-negative bacte-binding with low affinity, which is consistent with the
lack of inhibition exhibited by a fin peptide (residues ria, such as Escherichia coli and Salmonella typhimu-
rium, which carry genes for antibiotic resistance. The194–219) in virus infection inhibition assays.
There are two other possible functions for the fin. vertex region of PRD1 is of particular interest for being
the apparatus by which the host is recognized to triggerProline-containing arms promote oligomerization [51],
but all the biochemical and biophysical evidence indi- formation of a membrane tube through which DNA is
delivered. These events have been difficult to study andcates that P2 is a monomer. The only hint of a dimeric
interaction is seen in the crystal, but its interface is weak understand, because the vertex assembly is less sym-
metric than the virion, and the receptor is a multiproteinand the fin is not involved. Another possibility is that
PRD1-P2 Reveals Novel Fold and Multiple Functions
319
Figure 9. Model for P2-Receptor Interac-
tions
The major interaction is postulated to occur
through the  propeller head, but the fin has
two alternatives.
(A) The fin faces out to act as an adaptor that
scans before making the initial contact with
a primary receptor (blue outline) on the bacte-
rium. The spike then swivels to bring the
groove in the head into alignment with the
major receptor (red outline).
(B) The head both scans and binds. The fin
faces inward to provide a sensitive trigger.
In both cases, the tail interacts with P5 and
possibly P31 in the spike. Its loss destabilizes
the vertex complex.
pMG59 [24] was transformed into the methionine-dependent E. colitransmembrane complex. The structure of the host rec-
host B834 (DE3). Cells were grown at 37C to late exponential phaseognition protein, P2, reported here strongly suggests its
in 0.5 L Luria-Bertani broth with 150 	g/ml ampicillin. The cells weremultifunctional roles in infectivity. First, an elongated pelleted, washed, and resuspended in 2 L glucose-MOPS medium
shape indicates that the molecule is oriented radial to [55] containing ampicillin and 50 mg/L L-seleno-methionine. Growth
the virion. Second, a distal  propeller head is likely to was continued at 37C until midexponential phase when the cells
were induced with 1 mM isopropyl--D-thiogalactopyranoside andbe the site for host recognition, with possible involve-
harvested 3 hr later.ment of a proline-rich fin. Third, a long tail provides the
Edman sequencing revealed that the N termini in both native andmechanism by which the processes of vertex disassem-
Se-Met proteins were intact, while matrix-assisted laser desorption/
bly, membrane tube formation, and DNA delivery are ionization mass spectrometry (MALDI-MS) showed the C termini
triggered. While conclusive evidence for these ideas has lacked 29 and 36 residues, respectively. Reverse-phase chromato-
graphic separation of in-gel tryptic digestion peptides followed bybeen difficult to obtain, the P2 structure now provides
MALDI-MS analysis showed Se-Met substitution in all six methio-a firm foundation for further biochemical and genetic
nines in the truncated protein.experiments to test them. It will also spur attempts to
understand the organization and function of the receptor Mutants and Virus Infection Inhibition Assay
complex. A more complete understanding of both part- Mutants were prepared as described earlier [13]. Plasmid pJB21
[56] was used as a template for site-directed mutagenesis of gene IIners in the infective process could open the way to
coding for P2 (QuickChange, Stratagene). Further details of plasmidextending the bactericidal potential of PRD1.
construction are available upon request.
Virus infection inhibition assays were carried out as described
Experimental Procedures [24]. Synthesized peptides were tested at similar molar ratios to
those shown to be effective with wild-type P2 [24].
Protein Expression and Purification
P2 was expressed and purified as described [24], except that gel Bromelain Digestion
filtration was carried out on a Hi-Load 26/60 Superdex 200 column Solutions of freshly purified P2 protein (0.22 mg/ml) or PRD1 virions
(1.1 mg/ml) from anion exchange chromatography (Sartorius) [57]in 20 mM Tris-HCl (pH 8.0), 50 mM NaCl. For Se-Met P2, plasmid
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Table 1. Summary of Crystallographic Analysis
Crystallographic Statistics
Unique Resolution
Data Sets (Form I) 
 (A˚) Reflections Multiplicity Completeness (%) Limit (A˚) Rsym (%) I/
Native 1 1.5418 32,726 9.0 92.7 (78.7) 2.4 7.1 (47.7) 12.0 (2.1)
Native 2 1.0000 27,882 9.2 79.3 (36.0) 2.4 4.9 (18.1) 15.6 (2.3)
Se-Met L1 0.9823 25,078 9.7 79.4 (41.9) 2.5 6.4 (14.4) 13.7 (2.7)
Se-Met L2 0.9820 24,558 9.1 77.8 (33.6) 2.5 6.6 (15.7) 12.6 (2.7)
Se-Met L3 0.9500 25,886 9.5 72.6 (35.0) 2.5 6.6 (17.1) 12.3 (2.9)
K2PtCl4 1.0722 18,441 18.0 74.2 (20.5) 2.7 8.4 (18.6) 18.9 (2.8)
Hg(C2H3O2)2 1.0090 18,345 9.9 70.7 (16.2) 2.7 9.8 (19.7) 9.5 (2.1)
SmCl3 1.0100 20,334 8.6 81.5 (39.6) 2.7 9.3 (21.2) 7.2 (1.8)
NdCl3 1.0100 21,438 8.3 84.7 (52.7) 2.7 7.1 (19.0) 11.7 (2.8)
Native (form III) 0.9500 38,750 9.6 87.4 (58.7) 2.2 6.4 (77.1) 16.5 (1.4)
Phasing Power Phasing Power
No. of Sites Rcullis (iso) Rkraut (iso) Rkraut (ano) (iso) (ano)
Se-Met L1 6 0.543 0.034 0.051 1.10 1.41
Se-Met L2 6 0.595 0.033 0.053 0.67 1.24
Se-Met L3 6 — 0.038 0.052 — 0.66
K2PtCl4 1 0.905 0.267 0.051 0.78 0.69
Hg(C2H3O2)2 2 0.829 0.170 0.077 1.23 0.74
SmCl3 1 0.705 0.102 0.067 2.20 0.62
NdCl3 2 0.614 0.075 0.059 2.34 0.54
Numbers in parentheses correspond to the highest resolution shell. Phasing statistics are from SHARP [64].
were treated with 5 mg/ml bromelain (ICN Biochemicals) in 20 mM structure. All data were integrated and scaled using DENZO and
SCALEPACK [60].potassium phosphate (pH 7.4), 0.8 M NaCl at 30C for 5 hr. Virus
infectivity was monitored before and after proteolysis. The products
were analyzed by SDS-PAGE [58] and Western blotting with anti- Structure Determination
P2 polyclonal antibodies [24], before and after separating virions All heavy atom binding sites were determined using difference Pat-
from cleavage products by pelleting them through a sucrose terson and difference Fourier techniques. The six selenium sites
cushion. were found in crossdifference Fourier maps using MIRAS phases
calculated from the other derivatives. Both CCP4 [61] and PHASES
[62] were used for these calculations. The six selenium sites wereCrystallization and Data Collection
Se-Met P2 was oxidized before crystallization with 0.1% hydrogen also confirmed using the program SOLVE [63]. The Se-Met MAD
electron density map, phased with the six selenium sites, was notperoxide to force the selenium atoms to the same state and so
sharpen the resonance spectrum [59]. Form I native and oxidized interpretable and so the data from the four heavy atom derivatives
were incorporated. Refinement and phase calculations were carriedSe-Met crystals were obtained using macroseeding as described
earlier [30] with initial seeds grown from hanging drops with 30% out using SHARP [64], followed by solvent flattening for phase im-
provement using SOLOMON [65].MPD, 0.1 M sodium acetate (pH 4.6), 20 mM CaCl2 at 4C. Form I
crystals have space group P2221 (a  137.8 A˚, b  46.5 A˚, c  The combined map was interpretable and an initial 476 residue
polyalanine chain was built using the program O [66]. After one136.4 A˚), with one P2 monomer per asymmetric unit (AU). The form
II crystals reported earlier [30] only diffract to 3.6 A˚ resolution. A cycle of simulated annealing refinement in CNS [67], the model and
experimental phases were combined. The resultant map was muchsingle form III crystal, obtained by macroseeding with slightly differ-
ent conditions (50% MPD, 0.1 M sodium acetate [pH 5.0], 10 mM improved and showed side chains for 429 residues. The 2.5 A˚ Se-
Met model was improved by multiple rounds of simulated annealingCaCl2), grew more slowly (8 months versus 1 month). It has space
group C2221 (a 46.5 A˚, b 270.2 A˚, c 137.2 A˚) with one monomer refinement in CNS, followed by manual refitting and model building
with O. The refined Se-Met model was used to phase the 2.4 A˚per AU. Crystals in forms I and III have indistinguishable morphology.
Heavy atom derivatives were prepared by soaking crystals in a resolution native data.
The final model for native P2 form I has been refined to 2.4 A˚stabilization solution (36% MPD, 0.1 M sodium acetate [pH 4.5])
with metal concentrations of 0.01–1.0 mM for 5–24 hr and then resolution (Rwork  22.4% and Rfree  24.8%). It contains 554 of its
561 residues as the final 7 residues are disordered, 229 water andbriefly washed in metal-free solution to reduce nonspecific binding.
Crystals were frozen in liquid propane for storage and data col- three acetate molecules, and one octahedrally coordinated Ca2
ion. The model has good refinement statistics and stereochemistry,lection.
Diffraction data for Se-Met P2 and four heavy atom derivatives with 444 out of 450 residues in the favored or allowed regions of a
Ramachandran plot. Comparison of the native P2 form I model(all form I), and native P2 (forms I and III) were collected from crystals
maintained at 173C at beamline X12C (NSLS) using a Brandeis with the corresponding oxidized Se-Met model at 2.5 A˚ resolution
indicated no significant structural differences.CCD-based detector (Table 1). The Se-Met P2 crystal was subjected
to a three-wavelength MAD experiment around the absorption edge P2 form III was solved by molecular replacement with the form I
structure using CNS. Residues 248–269 and the final 6 C-terminalof selenium. Data for two derivatives, mercury acetate [Hg(C2H3O2)2]
and potassium tetrachloro-platinate (K2PtCl4), were collected at their residues (residues 557–562) were not modeled, as the electron den-
sity was poor. The two native models are in good agreement overall,LIII absorption edges (
  1.0090 A˚ and 1.0722 A˚, respectively) to
ensure maximal anomalous differences. Samarium (III) chloride with an rms deviation of 0.75 A˚ for 515 C atoms (excluding residues
243–281 with an rms deviation of 2 A˚). The native P2 form III model(SmCl3) and neodymium (III) chloride (NdCl3) data were collected at

  1.010 A˚, as their absorption edges were inaccessible. Due to at 2.2 A˚ resolution (Rwork  26.2% and Rfree  22.8%) contains 533
of its 561 residues, 234 water and two acetate molecules, and onetime constraints, the synchrotron data for form I were incomplete
and so data from a laboratory X-ray source were used to refine its Ca2 ion.
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